The behaviors of intrinsic unit-cell strains under applied electric fields (E) along the ©100ª direction were investigated for rhombohedral Pb(Zn 1/3 Nb 2/3 )O 3 (67%)PbTiO 3 (PZNPT) single crystals by in-situ high-energy synchrotron radiation X-ray diffraction study. The E-induced unit-cell strains accompanied with a reversible phase transition from rhombohedral to tetragonal via two monoclinic phases agree well with the macroscopic strain properties observed for the crystals. The structural analyses using the single-crystal X-ray diffraction and domain observations with piezoresponse force microscopy lead to a conclusion that the E-induced unit-cell strains are mainly responsible for the high piezoelectric performance of the PZN(6 7%)PT single crystals.
Introduction
Relaxor-based ferroelectric materials of Pb(Zn 1/3 Nb 2/3 )O 3 PbTiO 3 (PZNPT) and Pb(Mg 1/3 Nb 2/3 )O 3 PbTiO3 (PMNPT) have attracted much attention because of their superior properties for the applications to piezoelectric devices as well as Pb(Zr,Ti)O 3 (PZT). 1) 3) Enhanced piezoelectric performance has been reported for these solid solutions near the morphotropic boundary between a rhombohedral (R) structure of the relaxors and a tetragonal (T) one of PT. In particular, single crystals for PZNPT and PMNPT with MPB compositions have been found to exhibit ultra-high piezoelectric properties (a strain constant d > 2500 pC/N, an electromechanical coupling factor k > 95%) when the crystals are poled along the specific crystallographic direction which differs from the polar axis (e.g., poled along the ©100ª directions for the rhombohedral crystals with the ©111ª polar axis). 1)9) A large number of studies have been performed and various mechanisms have been proposed to explain the origin of their high piezoelectric performance. One of the mechanisms is the "polarization rotation" theory, in which a rhombohedralto-tetragonal (R-T) phase transition occurs via monoclinic (M) phases under electric fields (E). 10) In this theory, the M phases act as a bridge between the R and the T phases, and allow the vector of spontaneous polarization (P s ) to easily rotate from the ©111ª axis (for the R phase) to the ©100ª axis (for the T phase) under E// ©100ª. The P s rotation induced by applying an E away from the P s vector yields a large strain of the unit cells (intrinsic piezoelectric contribution), resulting in a high piezoelectric performance.
In addition to the intrinsic contribution, extrinsic contributions such as the influences of ferroelectric domain structures are also thought to play an important factor for the high piezoelectric performance of the relaxor-based single crystals. The poled PZNPT and PMNPT single crystals which can show high piezoelectric performances have been reported to have complicated and dense domain structures, namely, "engineered domain" structures.
2),6),11)13) The formation mechanism of the engineered domain structures is based on the coexistence of several domains with the P s vectors that have the same stabilization energies with respect to E. In the case of rhombohedral crystals poled along the In the various solid-solution systems both for lead-based and lead-free ferroelectrics, the enhancement of piezoelectric properties in the vicinity of MPBs has been widely utilized as a general guideline for the materials design. On the other hand, underlying mechanisms for the enhanced properties at the MPBs have not yet been fully understood owing to the complicated intrinsic and extrinsic contributions to the macroscopic properties. Quantitative studies in the E-induced-strain relationships of the microscopic behaviors for the unit cells and for the domain structures with the macroscopic properties are essential to clarify the origin of the enhanced strain properties at the MPBs.
In this study, the strain behaviors of the unit cells for PZN(6 7%)PT single crystals under E//©100ª were investigated by using high-energy synchrotron radiation X-ray diffraction (SR-XRD). The PZN(67%)PT single crystals at the R side in the MPB region exhibited a R-T phase transition sequence via two different M phases (the R-M A -M C -T sequence) under an unipolar E along the ©100ª axis, as reported for PZN(6.5%)PT single crystals by Davis et al. 18) The E-induced strains of the unit cells were found to show a good agreement with the macroscopic strain properties of the crystals. In addition, the in-situ SR-XRD analyses and the contact-resonance piezoresponse force microscopy (CR-PFM) observations strongly suggested that the engineered domain structures formed under E//©100ª, which were found to contain two different kinds of domain configurations, have minor contributions to the macroscopic properties of the crystals. From these experimental results, we conclude that the high piezoelectric performance of the PZNPT crystals exhibiting the R-M A -M C -T phase transition is attributed almost to the intrinsic piezoelectric contributions of the unit cells.
Experimental procedure
Single crystals of PZN(67%)PT (purchased from Microfine Materials Technologies) were cut into a rod shape of 0.5 © 0.5 © 1.0 mm 3 so that each rectangular axis was parallel to the ©100ª direction. Gold electrodes were sputtered on the both bottom (smallest) surfaces of the rod-shaped crystals for the measurements of electrical properties. Electric-field-induced (E-induced) strain properties were measured along the longitudinal direction (i.e., along the ©100ª axis) of the rod-shaped crystals using a laser Doppler displacement meter.
The SR-XRD data of the PZNPT crystals were measured with a transmission geometry using a large cylindrical two-dimensional imaging plate (IP) camera at BL02B1 in the SPring-8 synchrotron radiation facility. 19 ), 20) A high SR energy of 35 keV [wavelength: 0.03534(2) nm] was adopted so that X-ray with a high transmission ratio could penetrate through the PZNPT crystals and a high-angle diffraction pattern could be observed. The X-ray beam incident on the crystals was 150¯m in diameter, and the measurement temperature was 25°C. The ©100ª-poled PZNPT crystals with gold electrodes (20 nm in thickness) sputtered on the (100) surfaces were employed. To investigate the intrinsic response of the crystal lattice to E, in-situ measurements of diffraction patterns were performed under the application of a static E (E in-situ ) parallel to the poling direction of the ©100ª-poled crystals. Four X-ray oscillation photographs with an oscillation angle of 10°were obtained at different angles between the (100) face of the crystals and the incident X-ray beam at each E in-situ .
For domain-structure observations, an E of 40 kV/cm (E poling ) was applied along the longitudinal axis of the rod-shaped crystals for poling, and then the poled crystals were cut along the poling axis into platelet crystals (typically, with dimensions of 0.5 © 0.5 © 0.2 mm 3 ). One cut surface [the (100) plane] was mechanically polished using aluminum powder followed by colloidal silica. On the opposite cut surface, a gold electrode was sputtered to serve as a bottom electrode for the PFM observations. The domain structures on the polished (100) surface were observed using a commercial PFM unit (Asylum Research, MFP-3D). Conductive Ir-coated Si cantilevers with a spring constant of 2 N/m and a free-resonance frequency of ³70 kHz were used as a scanning probe. For imaging detailed domain structures using a reduced oscillation voltage (<0.5 V) applied to the sample surface, CR-PFM technique 21)23) was adopted to improve signalto-noise ratio of piezoresponse signals. The frequency of the modulation signal was set at a frequency slightly lower than the resonance frequency of the cantilever in contact with the sample surface. A typical modulation frequency was ³300 kHz for oscillating out-of-plane vibration mode of the cantilever, and was ³1.0 MHz for in-plane vibration mode. The direction of P s vector was determined from the intensity (A) and phase (º) of both out-of-plane and in-plane CR-PFM signals in each domain. Figure 1 shows the E-induced strain properties of ©100ª-poled PZNPT single crystals. A unipolar E poling of 40 kV/cm was applied to the crystals, and the strain under a unipolar E parallel to the E poling was measured. When a maximum E (E max ) was up to 12 kV/cm [ Fig. 1(a) ], the PZNPT crystals showed a linear strain with respect to E. The high linearity with a small hysteresis in the strain curves reveals that the E-induced strain originates from the inverse-piezoelectric effect. The piezoelectric strain constant d* was estimated to be 2,300 pm/V from the slope gradient of the strain curve. In contrast, at a large E max of 40 kV/cm [ Fig. 1(b) ], the strain curves had a hysteresis that is divided into two loopopening sections in the range of E = 515 kV/cm and E = 20 25 kV/cm. The arrows in Fig. 1 (b) indicate the threshold fields (E t ) at which apparent peeks were found in the derivative of the SE loops (dS/dE), as indicated in Figs. 1(c) and 1(d). Kinks observed in the SE curves on increasing (upward arrows) and decreasing E (downward arrows) are clearly exaggerated in the dS/dE curves of Figs. 1(c) and 1(d), respectively. Here, we define the peak (local maximum) points in the dS/dE curves as E t 's (E t1 , E t2 , E t3 , and E t4 ). The dS/dE curve on increasing E [ Fig. 1 (c)] shows one small peak at a low E (E t1 = 12 kV/cm) and one large peak at a high E (E t2 = 27 kV/cm). The dS/dE curve on decreasing E [ Fig. 1(d) ] also exhibits two peaks at a high E t3 (19 kV/cm) and a low E t4 (5 kV/cm). The SE curves with these E t values were reversibly observed under the repetitive applications of an unipolar E.
Results and discussion
Figure 2(a) shows a typical diffraction pattern for ©100ª-poled PZNPT crystals at E in-situ = 0 kV/cm. High-angle diffraction patterns with a minimum d of 0.037 nm were detected due to the use of the high-energy SR X-ray. Figure 2(b) indicates the diffraction spots and their indices in the dotted area of Fig. 2(a) . No diffraction pattern attributed to gold electrodes or impurities was observed, and all reflections were indexed to the perovskite structure. Figure 3 shows the 505 diffraction patterns recorded on the same regions of the IP on increasing E in-situ . The 505 reflection contained two splitting spots at E in-situ = 0 kV/cm for the poled crystals [ Fig. 3(a) ], and the splitting was maintained up to an E in-situ of 11 kV/cm [ Fig. 3(b) ]. At E in-situ = 22 kV/cm [ Fig. 3(c) ], the 505 reflection was found to be split into three diffractions consisting of a single strong spot and two weak satellites. With a further increase in E in-situ of over 36 kV/cm, the splitting diffractions turned into a single spot, as shown in Figs. 3(d)3(f ) . The splitting of the diffraction spots indicates the presence of multidomain structures with different directions of P s , and the change in splitting pattern strongly suggests the occurrence of an E-induced phase transition.
For the PZNPT system near the MPB, three kinds of Einduced phase transition sequence have been reported which vary with compositions and temperatures when an E is applied along the ©100ª direction. Based on these reported literatures, the splitting spots shown in Fig. 3 can be assigned by considering four variants of the energetically equivalent domains under E//[001], as illustrated in Fig. 4(d) for the M A phase and Fig. 4(e) for the M C phase.
Simulating calculations of the diffraction patterns on the cylindrical IP revealed that four kinds of M A domains [M A1 M A4 domains, Fig. 4(d) ] lead to the two splitting spots for the 505 reflection, as observed at E in-situ = 11 kV/cm [ Fig. 3(b) ]. As denoted in Fig. 3(b) , each splitting spot was found to consist of two overlapping diffractions: one composed of the M A1 and M A2 domains and the other of the M A3 and M A4 domains. In contrast, the three splitting spots at E in-situ = 22 kV/cm [ Fig. 3(c) ] can be assigned to the M C -domain configurations [M C1 M C4 domains, Fig. 4(e) ]. In this splitting pattern, the overlapping diffractions from the M C1 and M C3 domains yield a single strong spot while the M C2 and M C4 domains lead to two weak satellites. In addition, the single 505 spot without any satellite was observed in the range of E in-situ ² 36 kV/cm [ Figs. 3(d)3(f ) ]. This diffraction results clearly show that a transition to the T phase is induced by applying E in-situ ² 36 kV/cm and that the domain structure turns to the single-domain state where the P s vectors are aligned parallel to the direction of E in-situ . Figure 5 shows the lattice parameters of the ©100ª-poled PZN PT single crystals as a function of E in-situ on increasing. The lattice parameters at each E in-situ were determined by least-squares calculations using the peak positions of approximately 800 diffraction spots (d ² 0.04 nm). In the case of the diffraction patterns showing the splitting spots because of the multidomain structures, lattice parameters were calculated using the strongest diffraction spots by ignoring their satellites, i.e., the strong diffraction spots from the M A3 domains for the M A phase and from the M C3 domains for the M C phase were used for refining the lattice parameters. In this article, the lattice parameters refer to the primitive (pseudo-cubic) perovskite unit cell where the c axis is parallel to the poling axis. Considering the E-induced phase transitions (the R-M A -M C -T sequence), we analyzed the diffraction data by imposing structural constraints on the lattice parameters for the M A phase (a = b and ¡ = ¢) at E in-situ¯1 1 kV/cm and the M C phase (¡ = £ = 90°) at E in-situ ² 22 kV/cm based on the results shown in Fig. 3 . The constraints for the R and T phases were not adapted because these phases can be regarded as a particular case of the M A or the M C phase; e.g., the R phase is represented by the M A phase with additional relationships in the lattice parameters of a = c and ¡ = £.
The E in-situ dependence of the lattice parameters [ Fig. 5(a) ] indicates that the crystal lattice expanded along the c axis (//E in-situ ) with shrinking in the a-b plane (¦E in-situ ) with increasing E in-situ . The crystal lattice at E in-situ = 0 kV/cm showed an R-like structure with the relationships of a = b μ c and ¡ = ¢ μ £. Applying a low E in-situ of 11 kV/cm broke these Rlike relationships and distorted the unit cell into an M A structure. The increase in the lattice parameter c compared with the R-like structure suggests a rotation of the P s vector in the (101) plane toward the T phase [see Fig. 4(a) ]. On increasing E in-situ to 22 kV/cm, the unit cell exhibited a monoclinic distortion in the M C structure characterized by the ¢ angle clearly away from 90°a long with a separation between the lattice parameters of a and b. Finally, at a large E in-situ of 36 kV/cm, the unit cell was found to become a T-like structure, as represented by a μ b < c and ¢ μ 90°.
In the region of the M C constraints (E in-situ ² 22 kV/cm), the behaviors of the E-dependent lattice parameters are obviously different between the both sides of E in-situ = 36 kV/cm. The increase in E in-situ from 22 to 36 kV/cm largely changed the unit cell from the M C structure to the T-like structure, while a further increase in E in-situ above 36 kV/cm led to a constant increase in the parameters c and decreases the parameters a and b with maintaining the T-like structure. In addition, the E-induced changes both in the parameters a and c exhibit different gradients in ) calculated from the lattice parameters is shown in Fig. 5(a) as a function of the E in-situ . The V 1/3 was constant within the experimental error and did not exhibit a significant dependence on the E in-situ while the crystal lattice was largely distorted by the E in-situ accompanied by the phase transitions [see a, b and c in Fig. 5(a) ]. Based on the phenomenological theory, the volumetric change "V can be written as follows:
where V 0 is the initial cell volume, Q h is the hydrostatic electrostrictive coefficient (= Q 11 + 2Q 12 ), and "(P
2
) is the change in the squared magnitude of the P s vector. The small "V shown in Fig. 5(a) thus suggests that the E in-situ applied to the crystals causes the P s rotation in concurrence with the M A -M C and the M C -T phase transitions without a significant influence on the value of P s . Figure 6 shows the E-induced strain of the unit cell (S unit-cell ) along the c axis (parallel to the E in-situ ) calculated from the E in-situ dependence of the lattice parameter c (Fig. 5) . The S unit-cell values show a good accordance with the strain properties measured for the bulk crystals [S bulk , Fig. 1(b) ] on increasing E. This accordance clearly indicates that the macroscopic S bulk almost completely originates from the microscopic S unit-cell . It is interesting to note that the strain kinks observed in the S bulk curves at E t1 and E t2 [see Fig. 1(c) ] correspond to the boundaries of the M A -M C and M C -T phase transitions elucidated from the SR-XRD analyses (Figs. 3 and 5) . The S bulk curves show two E t values also on decreasing E (the dashed line in Fig. 6 ), where the phase transitions are assumed to occur in the reverse sequence, i.e., the T-M C -M A sequence. Therefore, these E t values can be tentatively ). Fig. 6 . E-induced strain of the crystal lattice (S unit-cell , open plots) under E//©100ª calculated from the E in-situ dependence of the lattice parameter c in Fig. 5 . For a comparison, the strain properties measured for the bulk crystals (S bulk ) shown in Fig. 1(b) are replotted by solid line (on increasing) and dashed line (on decreasing). Vertical lines in the graph indicate the E values regarded as the phase boundaries, i.e, E t (see Fig. 1 ).
adopted as the boundaries of these E-induced phase transitions, as depicted by the vertical lines in Fig. 6 . The hysteretic behavior of the S bulk curves with different E t values between increasing and decreasing E indicates that the M A -M C and M C -T transitions are the first-order phase transitions.
In contrast, any hysteretic behavior derived from the R-M A phase transition has not been observed in the low E in-situ region. Since the SR-XRD analyses indicate that the crystal lattice of the poled crystals (E in-situ = 0 kV/cm) has the R-like structure (Fig. 5) , the R-M A phase transition is assumed to occur at a low E below the M A -M C transition. This non-hysteretic strain behavior [see Fig. 1(a) ] involved with the R-M A phase transition can be explained by several following assumptions. 18) One is that the M A phase is induced by a second-order phase transition from the R phase, or simply by a piezoelectric (shear-mode) distortion of the R phase. Another possible assumption is that the symmetry for the ground state of the poled crystals is not the R phase but the M A phase very close to the R phase. The reason of the nonhysteretic strain behavior in the low-E range below the M A -M C transition has not been clarified to date. Hereafter, for the sake of argument, the R-like phase with a small M A distortion at E in-situ = 0 kV/cm is denoted as the R phase.
Figures 7(a) and 7(b) show the typical domain structures observed on the ©100ª-poled PZNPT crystals by CR-PFM. Outof-plane PFM signals (not shown) have revealed that the P s vector was aligned to the direction of the poling in the whole region of the observed surfaces, which indicates that the crystals were fully poled by an applied E poling //©100ª. The poled crystals were found to contain two different kinds of domain structures. As shown in the lower part of Fig. 7(a) , striped domain structures with a domain width of 50100 nm were partially observed in the crystal surfaces. These domains elongated along the ©100ª direction with exhibiting slightly curved DWs, which have been reported as the engineered domain structures for PZNPT. Interestingly, these striped domain structures were observed only in the minor parts of the crystal surfaces, and other major parts of the surface exhibited the domain structures with faceted (straight) DWs along the ©100ª and ©110ª directions as shown in Fig. 7(b) . The typical domain size of over 1¯m in the faceted structures is much larger than that of the striped domains in Fig. 7(a) . By analyzing out-of-plane and in-plane PFM signals of each domain, the direction of P s , which is supposed to lie along the ©111ª axis based on the R structure of the poled crystals, has been determined as indicated by arrows and symbols in Figs. 7(a) and 7(b). From these analyses, the DWs of the striped domains [ Fig. 7(a) ] are determined to be uncharged (head-to-tail) 71°DWs [ Fig. 7(c) ]. It is also revealed that the faceted structures [ Fig. 7(b) ] contain charged (head-to-head or tail-to-tail) 71°DWs [ Fig. 7(d) ] and charged 109°DWs [ Fig. 7(e) ]. It is likely that the orientations of DWs observed in Figs. 7(a) and 7(b) have the energetically preferred planes, 29)31) as illustrated in Figs. 7(c)7(e). Here we discuss the contributions of these domain structures to the piezoelectric properties of the ©100ª-poled PZN(67%)PT crystals. The CR-PFM observations revealed that the faceted domain structures with a relatively large domain size, which were observed in a major part of the crystals [ Fig. 7(b) ], are mainly responsible for the splitting spots of the SR-XRD patterns shown in Fig. 3(a) . In the R-M A sequence (E in-situ¯1 1 kV/cm) shown in Fig. 3(a) and 3(b) , the application of E in-situ led to a straightforward movement of the diffraction spots on the IP due to the lattice-parameter changes without a splitting, streaking, or broadening. If the observed DWs (Fig. 7) have a large extrinsic contribution to the macroscopic piezoelectric properties, the DW regions should have a giant strain response with respect to E, which is extremely larger compared with the bulk regions. 32) , 33) This hypothetical and heterogeneous response induces a large spatial distribution in the strain of the crystal lattice. Such a highly strained region around the DWs exhibits additional satellite spots that are distinct from the diffraction spots from the bulk regions. In another case, the spatial modulation of the crystallattice structures in the vicinity of the DWs, which involves a gradual rotation of the P s vector, 34),35) might spread widely to the bulk regions under an applied E, and the dense DWs thus lead to a streaking or a broadening of the diffraction spots. Indeed, an unusual diffraction pattern with the splitting and the streaking has been reported for PZN8%PT single crystals under E in-situ //©100ª by Noheda et al. 25) In contrast, the PZN(67%)PT single crystals employed in this study have not exhibited such a peculiar behavior of the diffraction pattern as shown in Fig. 3 . In addition, it seems unlikely that the submicron-sized domain structures shown in Fig. 7(a) exhibit an important factor for the high piezoelectric performance of the bulk crystals because of the small fraction of the DW regions. This is supported by the experimental fact that no splitting or streaking patterns were observed in the in-situ SR-XRD patterns (Figs. 2 and 3) .
A good agreement between S bulk and S unit-cell (Fig. 6 ) leads to the conclusion that the macroscopic piezoelectric strains observed for the ©100ª-poled PZN(67%)PT crystals originates mostly from the intrinsic piezoelectric response of the unit cells. Strictly speaking, the discussions concerning the E-induced strains of the unit cells depend on the resolution levels of the SR-XRD measurements employed in this study. It is likely that nanosized structures, such as polar nano-regions 36)38) and adaptivephase structures, 39) , 40) play a role in the high piezoelectric properties, which results in the large E-induced strain accompanied with the P s rotation as an averaged structure of the unit cells. High-resolution atomic-level structural analyses are needed to clarify the contributions of these nanosized structures which might concern the origin of the P s rotation in the monoclinic phases and the relaxor nature for the PZNPT system.
Conclusions
The behaviors of the crystal lattice and the domain structures for ©100ª-poled PZN(67%)PT single crystals were investigated under an applied E along the ©100ª direction using in-situ SR-XRD analyses along with CR-PFM observations. Structural analyses using high-energy SR-XRD revealed that the PZNPT crystals exhibit E-induced reversible phase transitions with the P s rotation in the R-M A -M C -T sequence. The E-induced strain of the unit cell (S unit-cell ) determined by the SR-XRD analyses shows a good agreement with the macroscopic strain measured for the bulk crystals (S bulk ) at various E's//©100ª. It is strongly suggested that the micrometer-sized (> 1¯m) and submicron-sized (50 100 nm) domain structures in the poled crystals observed by CR-PFM constitute minor extrinsic contributions to the macroscopic piezoelectric properties. It is concluded that the high piezoelectric performance of the PZN(67%)PT crystals is attributed mostly to the intrinsic piezoelectric contributions of the unit cells.
